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doi: 10.1016/j.bpj.2011.05.020Although it is the most widely applied marker in the biolog-
ical sciences, few reports exist in which the green fluores-
cent protein (GFP) is used in superresolution microscopy
(1–3). This stems from the fact that the popular methods
(F)PALM (4,5) and STORM (6) are not designed for
nonphotoactivatable proteins, and stimulated emission
depletion (STED) microscopy (7) has not yet been demon-
strated with GFP-labeled living samples. Taking advantage
of developments in fiber laser technology, we now demon-
strate the viability of GFP for performing nanoscopy with
living samples using STED and leverage this finding to
extend superresolution fluorescence microscopy to the
nervous system of an intact, living, multicellular organism.
We determine that the spectral range suitable for STED with
GFP is broad, and employ light sources which are easy to
implement both in pulsed- and continuous-wave (CW)
STED imaging modalities.
STED microscopy uses a beam of light for disallowing
the occupation of the marker’s fluorescent state by stimu-
lated emission. The role of this so-called STED beam is to
transiently turn off the fluorescence capability of markers
(7). This transient fluorescence silencing is induced
throughout the region of excitation except at a subdiffrac-
tion-sized region of minimum intensity. The remaining
region in which markers can be fluorescent, defining the
resolution, is a function of the wavelength l of the STED
light applied; ISTED, the intensity of the STED light IS at
which the fluorescence is reduced by half; and the numerical
aperture (NA) of the lens, and is given by Drz l/2NAO(1þ
ISTED/IS). The diffraction-limited excitation and STED
beams are scanned through regions of interest and the
markers in region Dr are registered to form the image.
With fast beam scanning, STED is well suited for observingthe processes of life on the nanoscale in real-time, in three
dimensions, and in vivo.
The wavelength of the STED beam is usually tuned to the
tail of the emission spectrum where the cross section for
stimulated emission is appreciable, but red-shifted enough
to avoid excitation of the fluorophore from the ground state.
Also important, it has been shown that appreciable excited
state absorption (ESA) at the STED wavelength has a nega-
tive impact on the stability of fluorophores for use with
STED (8). To explore the optimal spectral region for
STED with GFP with minimum ESA we performed pump-
probe spectroscopy of enhanced GFP (eGFP). The ESA
spectrum is shown in Fig. 1, and it can be seen that ESA
is negligible from ~500 nm to 580 nm and small in the spec-
tral region between 580 nm and 650 nm, strongly suggesting
that this wavelength range is optimal for STED.
In contrast to the earlier work which imaged fixed GFP-
labeled samples with STED using a complex light source
consisting of an optical parametric oscillator tuned to
572 nm pumped by a titanium-sapphire laser operating at
80 MHz (1), we applied substantially simpler light sources.
Three types of laser systems were demonstrated to be suit-
able using wavelengths ranging from 556 nm to 592 nm,
either pulsed at 20 MHz with pulse durations of ~1 ns or
CW. We note the wide parameter range suitable for live-
cell imaging of GFP-labeled structures that can be applied
using STED, and add that the conditions demonstrated
here are by no means exhaustive.
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FIGURE 1 Excited state absorption (ESA) of eGFP and spectral
rationale for employed stimulated emission depletion (STED)
wavelengths. Normalized ground state absorption and fluores-
cence emission spectra are juxtaposed with the ESA spectrum
measured 100 ps after excitation. STED wavelengths reported
in this Letter are indicated. The unit on the ordinate at right is
change in optical density 103.
L64 Biophysical LettersWe screened the STED light sources by imaging live
baker’s yeast, Saccharomyces cerevisiae, expressing GFP
on eisosomes, protein assemblies in the plasma membrane
which determine the site of endocytosis. Typical STED
and corresponding confocal images are shown in Fig. 2 A
and show eisosome structures with full width at half-
maximum (FWHM) values below 60 nm. Electron micros-
copy studies of eisosomes demonstrate a diameter of
~50 nm (9), meaning that, conservatively, the obtained reso-Confocal STED at 570 nm
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FIGURE 2 STED images of single cells. (A) STED image (right)
of living yeast cells expressing GFP (S65T) on eisosomes, with
confocal image for comparison (left). Line profiles (below) were
taken of the image features (open arrows); values indicated are
FWHM. Pulsed STED light at 570 nmwas used, with applied exci-
tation and STED powers of 6 mW and 8 mW, respectively. (B)
Living Vero cells expressing eGFP in the endoplasmic reticulum
measured using a STEDwavelength of 560 nm. The original 20
20 mm STED recording took ~8 s to acquire. All data shown is
raw.
Biophysical Journal 100(12) L63–L65lution is <60 nm. Images of comparable quality were ob-
tained using STED light at 570 nm from a pulsed source
based on stimulated Raman scattering, producing a comb
spectrum conveniently located in the emission spectrum of
GFP, similar to a previously reported source (10) but oper-
ating at 20 MHz, and a CW laser source operating at
592 nm (MPB Photonics, Pointe-Claire, Canada).
Next we imaged living mammalian cells. STED images
were obtained using a dedicated pulsed source operating
at 560 nm and producing 900-ps pulses at 20 MHz (MPB
Photonics), 570-nm light from the stimulated Raman scat-
tering source, and 592 nm from the CW laser. Representa-
tive data are shown in Fig. 2 B, showing the endoplasmic
reticulum of a living Vero cell taken using 560-nm STED
light; the original 20  20 mm STED recording took
~8 s to acquire. We were able to record >20 STED
images in succession of endoplasmic reticulum movement,
imaging continuously for 13 min to record morphological
dynamics. A video is shown in Movie S1 in the Supporting
Material.
After establishing the robustness of GFP for STED
imaging of live samples, we performed imaging on the
roundworm Caenorhabditis elegans to demonstrate nano-
scale imaging within a living multicellular organism.
C. elegans lends itself as an in vivo model system because
its small size and transparency render all points within the
organism accessible under an optical microscope. Its
nervous system is well characterized, consisting of 302
neurons that form ~7000 chemical synapses and 600 gap
junctions, and is the only animal with an available compre-
hensive neural connectivity map (11).
We used a C. elegans strain expressing cytoplasmic GFP
cell- specifically in a bilateral pair of serotonergic neurons
called NSMs. The NSM neurons extend axon arbors off
the main axon shaft. Similar to serotonergic arbors in verte-
brates, the NSM axon arbors display plastic autoregulation
at an ultrastructural level, which is why they have been
used as a model to understand the biomedically important
question of serotonergic feedback autoregulation of
neuronal morphology (12). These NSM axon arbors are
complex, small structures, and aspects of their morphology
and development cannot be discerned using conventional
microscopy. Fig. 3 A shows the location of the NSM neurons
within the animal with a superposition of a transmission-
illumination image and an epifluorescent image. A STED
recording of the arbor structures is shown in Fig. 3 B with
confocal microscopy comparisons in areas of interest
(insets). STED reveals the lack of connectivity between
adjacent arbors and morphological features not distinguish-
able by confocal microscopy. Additionally, we took image
stacks of the NSM neurons, recording their complex
three-dimensional morphology, as shown in Fig. S1 in the
Supporting Material.
Adding GFP as a fluorescent label for nanoscale imaging
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FIGURE 3 STED imaging of neurons in
live C. elegans. (A) Combined transmission
and fluorescence images showing the loca-
tion of NSM neurons. (B) A STED image of
the branched areas of the ventral nerve
process of the NSM neurons. (Insets)
Confocal comparisons of areas of interest;
STED reveals a lack of connectivity not
seen in the confocal image (above) and a
subdiffraction spine-neck diameter (below)
with FWHMvaluesmeasured at the location
indicated by arrows. (C) Confocal and
STED images taken using a dedicated
560-nm source, with FWHM values given
for the location indicated by arrows. Em-
ployed STED powers for panels B and C
were ~4 mW. (D) Line profiles and FWHM
values for data shown in panel C.
Biophysical Letters L65subdiffraction resolution tool kit, opening up the possibility
to leverage the numerous readily available samples ex-
pressing GFP to pursue biological questions which can
be answered by observation at the nanoscale. Exploiting
recent advancements in laser technology, employing GFP
with STED is no more challenging than using other fluoro-
phores. The imaging parameters demonstrated here are not
exhaustive and further technological developments will
provide additional options and improvements to the
STED imaging presented here. Further possibilities for ex-
ploiting GFP for STED imaging are numerous. Facilitated
by the broad spectral range suitable for STED with GFP,
employing additional fluorescent proteins for colocaliza-
tion imaging is within reach. Thus our results have
prepared the ground for an important step in quantitative
systems biology: nanoscale colocalization of proteins of
small animals in vivo.SUPPORTING MATERIAL
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